ABSTRACT A variable droop control strategy for wind farms (WFs) that considers optimal rotor kinetic energy (RKE) is presented in this paper. The process for the control strategy is as follows. First, an optimized scheduling reserve mode (OSRM) is executed by the WF control center (WFCC) according to the deloaded rate orders issued by the dispatching center. Through coordinated optimization control for over-speed control and pitch angle control, more available RKE can be stored in each wind turbine (WT) under the OSRM than can be stored in conventional over-speed reserve mode (CORM). Second, the optimization results will be sent to a variable droop coefficient set module for each WT by the WFCC. Then, the sum of the available RKE capacity and the mechanical load-shedding capacity (the wind power curtailment) of each WT can be computed in real-time and used as a practical spinning reserve capacity to adjust the droop coefficient. In this way, the optimized available RKE stored in the WT under the OSRM can be fully released to participate in the droop frequency control. Finally, simulations are performed in PSCAD/EMTDC to verify the proposed variable droop frequency control strategy for WFs. The simulation results indicate that the capability of the primary frequency regulation would be further improved, especially for low or medium wind speeds.
I. INTRODUCTION
With a large number of WTs integrated into the power grid, frequency stable operation and frequency control for power grid will face new challenges, which mainly embody the following aspects. (1) Due to the randomness and volatility characteristic of wind power, this easily contributes to system frequency fluctuations when WFs connect to the weak side of the grid [1] , [2] . ( 2) The rotor speed of most commercial variable speed wind turbines (VSWTs) is decoupled from the frequency of the power grid, and as the result there is no capability of actively providing an inertial response [3] , [4] . Therefore it weakens the overall frequency regulation ability of the power grid [5] . The technical requirements for the connection of WFs to the power system and the participation The associate editor coordinating the review of this manuscript and approving it for publication was Mehdi Savaghebi.
in frequency regulation are released by the electrical industry in some countries [6] , [7] .
Currently, there is some fruitful research in frequency control technology for WFs both at home and abroad. Johan Morren, et al. first presented the original rudiment of frequency control for VSWTs in WFs by adding a proportional-differential controller in the rotor side converters, which could be a fast response to system frequency disturbances [8] , [9] . The model is based on some relative frequency control technology, which is further studied. Some studies [10] - [14] propose a frequency control strategy using variable droop in the whole range of wind speeds, which depended on the different feather of frequency response for VSWTs at low, medium and high speeds. Although there are some differences for criteria dividing the actual wind speeds intervals, their works give priority to adopting the overspeed control and then uses the approach of coordinated control for the variable pitch angle. Furthermore, the results from single VSWT deloaded operation characteristic in [15] indicate that it is possible that under the same deloaded rate order, a WT generator can operate at the point of maximum RKE through coordinated control for overspeed control and variable pitch angle control. By adjusting the droop parameter dynamically in response to the wind speeds, some publications [16] - [21] developed a variable droop control strategy to modulate the primary frequency support from deloaded WTGs on the basis of the available margin. Considering the different mechanical load shedding reserve capacities of WTs due to the difference of the wind speed among WTs in the WFs, [28] presents a variable droop frequency control strategy; however, available RKE stored in each WT is not taken into account in the strategy. By introducing a support function as a support control loop to emulate the natural inertial as well as the inertial of a synchronous generator, and rapidly releasing rotor inertial energy of WTs to decrease the change rate of system frequency, some publications [13] , [22] - [25] proposed virtual inertial control technology, characterized by the shape of the support function. Based on [26] , [29] , the spinning reserve optimization method for WF considering wake effect is further presented. However, the specific frequency control strategy and the method of the droop coefficient set for WFs have not been further studied in the above researches. Because whether or not the kinetic energy stored in a WTs rotating masses is for full use mainly depends on if the droop coefficient is set effectively in a reasonable way. That is, compared to the CORM, little improvements for frequency control ability can be obtained under the OSRM if a fixed or unreasonable droop coefficient is used.
Hence, the available droop frequency control strategy based on the OSRM has been presented in this paper. In order to fully release the optimized available RKE stored in the WT under the OSRM to participate in the droop frequency control, the sum of the available RKE capacity and the mechanical load shedding capacity (the wind power curtailment) of each WT has been taken as the practical spinning reserve capacity to adjust the droop coefficient. Meanwhile, the coordinated overspeed control and pitch control in linear control path have been adopted in this paper. Finally, the simulation results show that the performance of primary frequency regulation is further improved by applying the control strategy.
II. GENERAL IDEA A. OSRM EXECUTED BY WFs
The typical deloaded operation characteristic curve for a single VSWT deloaded operation is depicted in Fig. 10 of appendix [15] . Taking a deloaded rate of 10% as an example, when adopting the general conventional overspeed droop control strategy [30] , [31] , VSWTs should operate on the deloaded operation A' point in advance. In fact, coordinated control for overspeed control and pitch controls operates at the deloaded operation point A with the maximum tip speed ratio. In this case, the VSWTs can store the maximum kinetic energy in the rotating mass when executing the same order at a deloaded rate of 10%. Based on the above study, and considering wind speed difference among VSWTs due to the weak effect in the WFs, we have proposed the OSRM from the literature [28] , as shown in Fig. 1 . The literature [28] only proposed the OSRM for WFs. However, concerning the research on how to use optimal RKE to participate in primary frequency regulation has still not been performed. So a frequency control strategy under an OSRM is proposed in this paper. Fig. 2 shows that when the OSRM had been executed by WFs according to [28] , and coordinated overspeed control and variable pitch control were applied for each VSWT, which made the WTs deloaded operation from the maximum power point D to point A in order to achieve deloaded optimized reserve control. (Supplementary: A' in Fig. 2 means the conventional overspeed deloaded operation point [31] , which could store a certain amount of available kinetic energy of a rotating mass; however, the work could not consider the optimized kinetic energy of a rotating mass. This reserve mode for deloaded operation in this paper is defined as a CORM). Correspondingly, when WFs participate in droop frequency control, each WT also needs to coordinate overspeed control and variable pitch control, which is used by a linear control path [15] . As shown in Fig. 3 , assuming that the system frequency suddenly drops, the active power P gen (i) of each WT in the WFs will promptly increase from the deloaded operation point A under the OSRM to point B. Then, as the system frequency deviation continues to increase, the active power output for each WT in the WFs will keep the level for a period until reaching point C. As supported by primary frequency regulation, the system frequency deviation continuously reduces as a result of P gen (i) decreasing to point D. Meanwhile, under the method of coordinated control for the overspeed control and variable pitch control, the mechanical power output P mec (i) of each WT will increase to point D in a linear way approximately on path AD (quasi-steady state operating point), which along with the active power output keeps the balance. At this time, the rotor speed has reduced from ω del (i) to ω opt (i), and the WT has released an amount of RKE during frequency control.
B. A FREQUENCY CONTROL STRATEGY CONSIDER-ING VARIABLE DROOP IN WFS UNDER OSRM
The above response process of frequency control can be further described in Fig. 3 as follows. During the period of droop frequency control, the active power output P gen (i) for each VSWT is shown by the curve ABCD in Fig. 3 . The mechanic power input P mec (i) approximates the straight line segment AD, as seen in Fig. 3 . P mppt (i) represents the maximum active power output, which is also shown in Fig. 3 . P del0 (i) refers to the active power output of each WT under OSR. t start and t end indicate the start moment and the quasi-steady state moment of frequency control respectively. T response is the period from the start moment t start to the quasi-steady state moment t end (generally the period is approximately 30 seconds). In addition, according to the mechanics of variable droop frequency control for VSWTs [31] , the relations among active power output P gen (i), the droop coefficient R f (i) set and the system frequency deviation f in Fig. 3 is described by Equation (1). (Instruction: since the initial value for the deloaded active power of each WT in this paper is provided with the optimized results under the OSRM by the WF dispatching center, it is no problem that the deloaded active power operation curve shifts with the rotor speed excursion [10] ).
As shown in Fig. 3 , the real-time spinning reserve capacity for VSWTs in this paper is defined as follows: during the period from the initial moment t start to the quasi-steady moment, which can be depicted with the whole shadow area encircled by point A-B-C-D-E. Based on the law of conservation of energy, the whole spinning reserve capacity of VSWTs contains two parts. The first part is the additional mechanic reserve capacity E mec (i), corresponding to the blue shade area S ADE in Fig. 3 , is provided by the mechanic power P mec (i) input during the response period with an almost linear increase from point A to point D. The second part of the capacity corresponding to the pink shade area S ABCD is provided by the kinetic energy of the rotating mass when the rotor speed reduces from ω del (i) to ω opt (i). To make full use of the optimal kinetic energy of the rotating mass stored in the WTs under the OSRM, it is necessary to adjust the variable droop coefficient according to the real-time spinning reserve power capacity of each WT.
III. IMPLEMENTATION OF SYSTEM FREQUENCY CONTROL STRATEGY
With reference to the variable droop coefficient control in the conventional overspeed reserve mode [31] , a variable droop frequency control strategy for WFs that considers the optimal rotational kinetic energy is proposed in this paper, as shown in Fig. 4 . The key part is that an extra set unit for the droop coefficient is designed according to the coordinated control for the overspeed control and variable pitch angle control. In addition, the variable droop control under the OSRM in this paper is absolutely different from the conventional overspeed variable droop frequency control in [31] , mainly due to the followings: (1) the way of the given initial value which is needed by the variable droop coefficient set units; (2) the response path during variable droop frequency control; and (3) the pitch control strategy. The detailed control process and the specific method of the droop coefficient set are described below. Step 1: When the OSRM is executed by WTs in WFs, the WFCC should call the source program of the optimized model base to calculate the initial rotor speed ω del (i), initial pitch β del (i), and initial active power P del0 (i) ; these are needed to calculate the droop coefficient according to the deloaded power reserve order del given by the dispatching center, wind speed and maximum power -wind speed-rotor speed static state curve provided by the manufacturers of the WTs [28] . Moreover, in order to adapt to the change of the wind conditions, the coefficient should generally be adjusted every 5 minutes. (Note: wind speed data are usually recorded and collected by the WFCC every 5 minutes and are taken as historical data to help forecast the wind speed in the future). In addition, in order to avoid the negative effect by gusts with high amplitude wind speed, a gust wind sensitive trigger in the actual engineering is installed in the WFCC. When detecting a gust wind speed amplitude change in excess of 1 m/s, WFs should switch the mode from OSRM to CORM. Without the participation in frequency regulation CORM could ensure the WTs' stable operation and still automatically track the fast changes of the wind speeds. When the gust alarm is clear, WFs should automatically switch to operate under OSRM again. Since the probability that a gust and a system frequency disturbance simultaneously occur is small, the potential of frequency regulation in WFs under OSRM can be realized for most working condition. The mathematical model for the OSRM is expressed as follows.
A. OBJECTIVE FUNCTION
considering the kinetic energy of the rotating mass, the maximum spinning reserve capacity is provided by WFs to participate in system primary frequency regulation:
where
is the mechanical load shedding reserve capacity provided by WFs based on the deloaded rate del.
represents the available RKE stored in VSWTs after the OSRM. P WF m ppt is the maximum active power output of WFs (per-unit, p.u.). P WF is practical active power output for the WFs (per-unit, p.u.). ρ denotes the air density. V W (i) is the wind speed in each row of the WFs. M and N are the numbers of rows and columns, respectively (Suppose that spontaneous wind blows from the first row to the last row. Therefore, suffering from the wake effect, the WF is divided into M clusters according to the practical wind speed, and there are N WTs in each cluster.). G is the gearbox ratio of the WT. p is the number of induction generator poles. C P (·) is the performance coefficient. P mppt (i) is the maximum active power output for each WT(per-unit model, p.u.). P N is the rated active power (MW) for the WTs. f N is the rated system frequency. ω del (i) and β del (i) are the rotor speed and the pitch angle, respectively, (per-unit, p.u.) under the OSRM. ω opt (i) and ω r max are the rotor speed for maximum power operation and the allowed maximum rotor speed, respectively (per-unit, p.u.).
B. CONSTRAINS
WFs should operate on the given deloaded rate. Meanwhile, the rotor speed and the change range of the pitch angle should also be subject to certain restrictions, as shown in the following:
Equations (2-5) consist of the mathematical model for OSRM. As shown in Fig. 1 , when OSRM is executed by the WFs, it needs to input deloaded operation orders given by the dispatching center, real-time wind speed data and power-wind speed-rotor speed static curve lookup tables. Then, the WFs will call the optimization program of OSRM to obtain the optimized calculation result, including ω del (i), β del (i), and P del0 (i).
Step 2: When the optimized calculation results ω del (i), β del , and P del0 (i) are received by each VSWT droop coefficient set unit, the available kinetic energy E k (i) of the rotating mass and the mechanical load shedding reserve capacity E mec (i) for each WT is, respectively, calculated in real-time as follows:
Moreover, as shown in Fig. 3 , coordinated control for the overspeed control and the pitch of control is applied in this paper, and the droop frequency control is performed according to the linear control path AD, so that P mec (i) could be expressed approximately as follows:
Step 3: The sum of the available kinetic energy of the rotating mass and mechanic load shedding capacity is taken as the real spinning reserve capacity to adjust the variable droop coefficient. The droop coefficient set evidence and the derivation processes of the formula are amply described as follows. VOLUME 7, 2019 As shown in Fig. 4 , the droop coefficient set unit is mainly related to the calculation of the formula R f (i). The expected control performance is that the real-time spinning reserve capacity of the VSWT can be exactly made to full use. When the system frequency recovers to quasi-static state with deviation f TLV , it can be further expressed by Equation (9) based on the law of conservation of energy.
where, f TLV is the maximum permissible deviation limit set by the droop coefficient set unit ( f TLV could not be optionally set in actual control. It is possible to cause overresponse for WTs when a small coefficient value is set. However, the frequency regulation ability could not be fully promoted if a relatively large coefficient value is adopted.) Referring to the technical regulation of GB/T14549-2008, ''Permissible deviation of the frequency of power system'', the normal permissible deviation range of the power system frequency in China is 50±0.2 Hz; hence, f TLV is set as 0.2 Hz in this paper. Equations (6-9) together form the per-unit calculation formula for the droop coefficient set unit in this paper.
Step 4: Once there is a frequency disturbance checked by the monitoring unit and a deviation exceeding the dead band (the dead band is specifically set in 50-0.05 Hz-50+0.05 Hz in this paper), then the frequency control will be immediately triggered. At this time, the additional active power reference
will be given by the droop coefficient set units just responding to the real-time frequency deviation f (i) as well as the adjusted R f . P ref (i) should be added with the active power reference P del0 (i) as the total reference value P ref (i), which is taken as the new control tracing target by the rotor converter side control loop. Meanwhile, in Fig. 3 , a linear control path is adopted in the coordinated control for overspeed control and pitch control. Therefore, the rotor speed reference ω ref (i) for the pitch angle controller should be set as Equation (10), shown here:
To prevent the WTs from responding excessively, during the frequency control process, it should also ensure the ω ref (i) is no less than ω opt (i). Fig. 4 further graphically illustrates the above variable droop frequency control process when considering the optimum kinetic energy for WF.
IV. SIMULATION AND VERIFICATION
To adequately verify the correctness and effectiveness of the proposed control strategy, the simulation system, as shown in Fig. 5 , has been established on PSCAD/EMTDC. By disconnecting circuit breaker B1, the isolated system which is composed of WFs, and a conventional thermal power plant would operate separately out of the main grid. Among them, 30 DFIGs are arranged in the typical 5 rows × 6 column matrix distributions in WFs [28] , and the rated capacity of each WT is 1.5 MW; the other simulation parameters are shown in appendix B. According to the wind speed of each DFIG, the WFs can be divided into 5 clusters, which connect to bus 1-5. The rated power and inertial time constant for the thermal power generators are 120 MW and 6.48 seconds respectively. The difference coefficient of the speed governor is set as 5%. There are 6 active loads: LP1: 18 MW; LP2: 12.3 MW; LP3: 8.22 MW; LP4: 14.54 MW; LP5: 12 MW; LP6: 15.53 MW. The load disturbance is set as follows. Load LP3 is connected to the grid immediately after the simulations continue for 5 seconds. Finally, in order to fully verify the validity of the presented frequency control strategy, two different simulations are conducted successively in this section.
A. THE SIMULATION RESULTS OF DIFFERENT FREQUENCY CONTROL STRATEGIES UNDER THE SAME WIND CONDITIONS
The simulation is set as follows: the wind speed of DFIG WFs in the first column is 9 m/s in real time. With the influence of the wake effect, from the second column to the fifth column, the practical wind speed could be calculated to be 7.97 m/s, 8.56 m/s, 8.76 m/s and 8.85 m/s, respective, based on [28] . At the same time, the deloaded rate order given by the dispatching center is received by the WFCC. DFIGs are ordered to operate at the deloaded operation mode according to 90% of the current maximum active power output (that is to say the deloaded rate is 10%). Before the variable droop frequency control strategy proposed in this paper is executed, the WFs should first operate at OSRM. Therefore, the rotor speed ω del (i), pitch angle β del (i) and deloaded power output P del0 (i) could be calculated by the optimization program, as shown in Table 4 . The deloaded rate of DFIGs in #1-#5 clusters could be further calculated out to be 8.30%, 14.1%, 10.5%, 9.42%, and 8.99%, respectively, according to the calculation results. The total deloaded rate of the WFs still remains at 10%. With the CORM in [31] applied, DFIGs in #1-#5 clusters all operate at a deloaded rate of 10%. With OSRM applied in this paper, the droop coefficient of DFIGs in #1-#5 clusters could be calculated out to be 4.44%, 3.53%, 3.94%, 4.15%, and 4.44%, respectively, according to Equations (6) (7) (8) (9) (10) . With the overspeed reserve mode in [31] , the droop coefficient of DFIGs in #1-#5 clusters should be set as 4.56%, 6.06%, 5.56%, 4.96%, and 4.75%, respectively, as shown in Table 1 . Obviously, the droop coefficients set under OSRM are less than those under CORM. The reason is that when OSRM is executed in this paper, the total available kinetic energy of the rotating mass will be more stored in DFIGs under OSRM at the same deloaded rate. The simulations are performed according to the droop coefficients set in Table 1 , and the performance of the variable droop frequency control in DFIG WFs considering the optimal rotational kinetic energy is further verified. The results are shown in Fig. 6 . After analyzing the results in Fig. 6 , three points are given as follows: 1) Before the system frequency disturbance has happened, both of the totals of active power output are the same and all operation at the deloaded rate is 10% when OSRM or the overspeed reserve capacity mode in [30] are executed in the WFs. During the period of droop frequency control, after the system frequency disturbance has happened, the active power output under OSRM is more than those using the control strategy in [30] , and better performance of frequency control could be obtained. 2) If the fixed droop coefficient of 6% rather than a variable droop coefficient is set for each WT under OSRM, the performance of the frequency control is likely to be the same as [30] . The main reason is that when the fixed droop frequency control under OSRM is applied, the optimal kinetic energy of the rotating mass could not be fully released to participate in droop frequency control. This can also be seen clearly in Fig. 7. 3 ) If the kinetic energy of the rotating mass is not considered and the droop coefficient set is based on mechanic load shedding power, the performance of frequency regulation would be worse.
Moreover, seen from Fig. 6 , during the initial stages of frequency disturbance, the curve segments of dynamic system frequency under different control strategies almost coincide with each other, which indicate there is hardly any difference in the rate of change of frequency (RoCof). The main reason is that the droop control strategy is adopted in the paper. The study [32] has given detailed derivation results, which show that the parameter k p (reciprocal of the droop coefficient R f ) of the auxiliary frequency controller has no inhibitory effect on RoCoF at all. The dynastic response curves of the rotor speed and pitch angle of #1-#5 clusters according to the control strategy presented in this paper are shown in Figure 11 of the appendix.
Seen from Fig. 7 , it can be clear to confirm that: 1) compared with fixed droop control under OSRM, more RKE of WTs has been released to participate in frequency control when adopting the proposed control strategy. 2) Compared with variable droop control under CORM, obviously much more RKE of WTs has been provided during the frequency control period. Besides the much more RKE has been stored under OSRM than those under CORM, another main reason is that the adverse effect on the RKE releasing will be caused by the shift of the operation point on the deloaded power curve [10] under CORM.
B. THE SIMULATION RESULTS OF FREQUENCY CONTROL STRATEGY PRESENTED BY THIS PAPER AT DIFFERENT WIND SPEEDS
Next, the performance of the frequency regulation for variable droop frequency control using the control strategy proposed in this paper is further analyzed at different wind speeds. Suppose that the DFIGs in WFs have received the order of a deloaded rate of 10% given by the dispatching center. When OSRM and CORM (considering wake effect) are executed by the WFs at different speeds, the available kinetic energy of the rotating mass and the total of the spinning reserve capacity stored in the WTs are calculated in real-time by calling the optimization program of the OSRM base, as shown in Fig. 8 . Fig. 8 (a) indicates that when the range of the wind speed of the WTs in the first row is from 6.0 m/s to 10 m/s, the total of the spinning reserve capacity under OSRM is larger than that under CORM. When wind speed is relatively smaller, the larger spinning reserve capacity increases. The reason is that when the wind speed is relatively small, the rotor speed is also small, and there is more available optimized kinetic energy of the rotating mass [29] . When the wind speed increases to more than 10 m/s, the spinning reserve capacity are basically the same under both OSRM and CORM. The growth rate of the spinning reserve capacities in WFs reduces gradually to 0. That is because the rotor speed of each WT in the WFs has achieved the maximum permitted rotor speed (the value is 1.2 p.u. in this paper) under OSRM. That is, there is no more RKE which can be stored under OSRM. The result indicates that the spinning reserve capacity of the WF could be obviously improved at low and medium speeds as the OSRM is executed. There is a great practical meaning to improve the primary frequency control ability for WFs.
To verify the above calculation results, the following cases have been conducted. Suppose that the DFIG-based WFCC has received the deloaded rate of 10% from the dispatching center. Then the frequency regulation abilities using variable frequency droop control under OSRM and CRSM are simulated and compared at 7.0 m/s, 8.0 m/s, 9.0 m/s and 10 m/s of the wind speeds in the first row of WTs. Table 3 . Comparing with the variable droop control strategy under OSRM with that under CORM, we can see that the system quasi-steady state frequency deviation applied by the OSRM variable droop control strategy has been reduced 0.0051 Hz, 0.0059 Hz, 0.0073 Hz and 0.0006 Hz at wind speeds of 7 m/s, 8 m/s, 9 m/s and 10 m/s, respectively. The maximum frequency deviation has also been narrowed by −0.0197 Hz, 0.0324 Hz, 0.0356 Hz, and 0.0033 Hz, respectively. It is clear that the frequency regulation performance has been improved by the proposed control strategy at wind speeds of 7 m/s, 8 m/s, and 9 m/s, since the RKE under OSRM stored in the WTs is more than that under CORM. However, as the rotor speeds of DFIGs should be limited by the maximum permission rotor speed, the WF only can barely store more optimization RKE at a wind speed of 10 m/s. Therefore, the frequency regulation performance is not obviously improved under OSRM. In addition, there is the problem that the operation point on the deloaded reserve curves will move with the rotor speed deviation for the conventional control method [10] , which can weaken the frequency control ability. However, there is no problem for the control strategy proposed in this paper. 
V. CONCLUSION
Based on the overspeed variable droop frequency control strategy, the main contributions of this paper are as follows. Before participating in droop frequency control, WFs should work under OSRM firstly. Then, by coordinating the overspeed control and pitch angle control with a linear path, the optimized RKE stored in the WTs under OSRM can be fully used. The main conclusions can be drawn from the simulation results.
(1) Compared with the conventional overspeed reserve variable droop control strategy [31] , at the same deloaded rate, the frequency regulation ability of the proposed strategy in this paper has been further enhanced and is especially remarkable at low and medium wind speeds condition. It provides reference values and practical meaning to improve the primary frequency control performance further.
(2) With OSRM executed in WFs, if the control strategy adopted is not a variable droop coefficient but a conventional fixed droop control, the optimized RKE stored in each WT could not be fully released. The potential of the frequency regulation under OSRM could not be made full use of.
The variable droop frequency control strategy proposed in this paper is mainly related to the problem of the variable droop coefficient set, which is advanced by offline calculations and the real-time online set process during the specific project implementation. It has better maneuverability. Moreover, in practical application, WFs may face the problem of the operation modes switching such as the maximum power tracking, overspeed reserve, and optimized scheduling reserve control mode. Hence, the problem of selecting and controlling stable switching among modes should be further studied.
In addition, this paper mainly focuses on fully releasing RKE to participate in droop control under the OSRM, but RKE can also be used in the form of inertia control or combined inertia and primary droop control which needs further research in future work.
APPENDIX

A. FIGURES FOR APPENDIX
See Fig. 10 and Fig. 11 .
B. PARAMETERS OF DFIGs
30 unified type turbines are installed in wind farm of DFIG, which distribution matrix is made up of 5 rows and 6 columns. The distance among rows for wind turbines is 450m. The distance among columns is 300 m. The prevailing wind velocities are the northwest wind in the DFIG-based wind farms. Parameters of DFIGs are described as follows. The rated capacity for WT is 1.5MW. Rated voltage is 609V. The inertia time constant of DFIGs is 3.64s. Gear box ratio is 57. Pole number of the asynchronous generator is 3. Maximum or minimum rotor speed is 1.2 p.u, 0.7 p.u, respectively. The radius of WT is 33.5 m. Maximum wind energy utilization coefficient is 0.4382. The optimized tip speed ratio is 6.3235. Range of pitch angle is 0 • ∼60 • .
C. CALCULATION RESULTS BY THE OPTIMIZATION PROGRAM
See 
